INTRODUCTION
Since the large fast breeder reactors (FBRs) have a positive void coefficient in the center region of the reactor core, the gas entrainmentfree design has been needed, particularly for the inlets of the IHXs in the pool-type FBR (1) . If the depth from sodium surface to the IHX inlet is large, vortex-induced entrainment may potentially cause the largest quantity of gas entrainment among various types of gas entrainment . It is because the vortex readily forms a long gas flowing path in the shape of a gas core . Thus, the * O -okayama , Meguro-ku, Tokyo 152. ** Okawa-cho , Kawasaki-ku, Kawasaki 210. *** Ginza , Chuo-ku, Tokyo 103. present study primarily deals with the behavior of the vortex-induced gas entrainment for a simple suction flow into a vertical pipe. Extensive works(2)~(7) were performed so far on vortexinduced entrainment. However, the basic mechanisms have not been made clear enough except for the studies on onset conditions performed by Baum(6) and by Baum & Cook (7) .
The objective of our study is to investigate not only onset conditions but also mechanisms and gas entrainment rate experimentally. The overall results about mechanisms, onset conditions and gas entrainment rate have been reported in the previous paper (8) . The present paper deals with the onset condition of vortex-induced air entrainment in more detail, i.e. the Baum's onset criterion is compared with our experimental data, and more reasonable empirical and semi-empirical correlations are derived.
II. EXPERIMENTAL APPARATUS AND EXPERIMENTAL CONDITIONS
The experimental apparatus and the test section used here are the same as those described in the previous study (8) . Table 1 shows the experimental conditions of submergence H, water flow rate Q1 , forced circulation Coo and the inner diameter of suction pipe D. As shown in the previous paper, the dimensional analysis reduces these parameters to the three non-dimensional quantities :
Froude number Fr = V12/gH, rotational Froude number Ro = Coo2/gH3 , ratio of submergence to diameter H/D, where V1 is the superficial water velocity in the suction pipe and g the gravitational acceleration. The reason why the scale length of H is used here for the definitions of Fr and Ro is that H directly represents the liquid depth into which gas has to penetrate for the occurrence of the air entrainment.
III. EXPERIMENTAL RESULTS

AND DISCUSSIONS
Various air entrainment behaviors were observed, their onset conditions depending on the water flow rate Q1, the submergence H, the suction pipe diameter D, and the forced circulation Coo. It was shown in the previous paper that their behaviors could be grouped into the following three typical types : (1) vortex-induced entrainment (Types A and A'), (2) conically depressed surface with the entrainment of relatively large round bubbles (Type B), and (3) falling flow along the inner surface of the pipe accompanied by the entrainment of fine bubbles (Type C). Photograph 1 shows the examples of the vortex-induced air entrainment (Types A and A'). Although the previous paper After some trial to search for other nondimensional parameters that can represent the onset conditions of Type A' more properly, it was found as shown in Fig.3 that the rotational Froude number Ro (=C2oo/gH3) and the Froude number Fr (= V12/gH), can roughly distinguish the conditions of no entrainment and First, the following expression for the shape of the air core, which was derived according to Baum(7) in the previous study (8) , should be reminded z=C2oo/gSrm r(r/rm)1ndr/r3+C2oo/gSoorm dr/r3, r ,
where rm is the radius of viscous core, and the index n is the factor describing the rate of dis- 
If it is assumed that rm= 5 mm and n= 0.505 in Eq. ( 3), the constant a' in Eq. (4) (5) where D is the inner diameter of the pipe in the unit of meter. Equations (4) and (5) correspond to the theoretical onset condition at the limiting case that Fr is large enough. Figure 4 shows the experimental results for onset conditions in the relations between H/D and Ro at constant Fr. It is found that the broken lines calculated from Eqs. (4) and (5) agree well with the experimental results, especially for larger values of Fr and Ro. This means that at the limiting case that the water flow in the suction pipe is fast enough to break up bubbles and to flow them downward, i.e. Fr is large enough, the onset condition can be roughly estimated from the criteria whether the air core reaches the pipe or not. (7) where D is the inner diameter of the pipe in the unit of meter. It is found that the empirical correlation, Eqs. (6) and (7), shown by solid lines in Fig.4 represents the onset data somewhat better than Eqs. (4) and (5). 
The water and air densities in Eq.(9) are equal to those at the room temperature under the present condition. By assuming the value of rv in Eq.( 9) nearly equal to the experimentally estimated air core radius, the constant c' in Eq. 
Equations (10) and (11) correspond to the theoretical onset condition at the limiting case that Ro is large enough. Figure 5 shows the experimental results for the onset conditions in the relation between H/D and Fr at constant Ro. It is found that Eqs. (10) and (11) shown by broken lines agree well with the experimental results, especially for larger values of Fr and Ro. This results imply that if Ro is large enough to make an air core elongate to the suction pipe, the onset conditions can be roughly estimated by Eqs. (10) and (11) which correspond to the criterion whether the water flow is fast enough to draw the bubbles downward. where the subscript n on Ro and Fr means that the correlations were independently derived from the relations of H/D vs. Ro and H/D vs. Fr, respectively. The theoretical correlations are for the onset conditions in the limiting cases that Fr is large enough and that Ro is large enough, respectively. Figure 6 shows the experimental results of onset conditions in the logarithmic relation between Fr and Ro for constant H/D. It is found that the interpolation of the data forms nearly hyperbolic curves, which means that Eqs. (4') and (10') or Eqs. (6') and (12') can be combined to the following single formula :
where the value of h, affecting the shapes of the hyperbolic curves, becomes large with the increase of H/D. In order to obtain more accurate expression, the empirical correlations, Eqs. (6') and (12'), were applied to Eq.(14). Figure 10 shows the values of h calculated from the left-hand side of Eq.(14) from the measured values of C.., (1) The conditions between no entrainment and continuous or intermittent air entrainment are distinguished well by the rotational Froude number Ro and the Froude number Fr, defined by the length scale of submergence H. (2) In the case that the water flow in the suction pipe is fast enough to break bubbles and to draw them downward, the onset conditions can be expressed theoretically from the The latter represents all the experimental data of the onset conditions a little better than the former.
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